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1 .  INTRODUCTION 


A  phased-array  antenna  is  a  type  of  microwave  antenna  with  a  number  of 
individual  radiating  elements  [1]  placed  regularly  on  the  antenna  surface. 
Typical  element  spacings  are  about  a  wavelength,  and  for  the  best  performance 
from  the  array,  each  element  needs  to  be  accurately  controlled.  Depending 
upon  the  system  applications,  arrays  can  vary  from  tens  to  thousands  of  ele¬ 
ments.  Higher  frequency  systems  will  require  smaller  array  dimensions.  A 
modular  approach  with  amplification,  control,  and  distribution  of  signals  can 
provide  cost-effective  array  systems  with  easier  manipulation. 

A  good  solution  to  the  distribution  problem  is  the  use  of  fiber-optic 
technology.  It  is  believed  that  fiber  optics  has  several  advantages  for  dis¬ 
tribution  of  signals.  Optical  fibers  have  large  bandwidth,  which  is  a  useful 
capability  for  high-frequency  transmission.  They  are  also  characterized  by 
low  dispersion,  low  loss,  immunity  from  electromagnetic  interference,  and  low 
cross  talk  [2].  Recent  advances  in  semiconductor  laser  diode  technology  have 
helped  to  achieve  high-frequency  modulation,  and  interaction  with  solid-state 
microwave  devices  has  demonstrated  the  possibility  of  fiber-optic  links  and 
delay  lines,  phased-array  beam  steering,  and  microwave  power  control.  Modu¬ 
lation  of  the  optical  source  is  feasible  either  by  directly  modulating  the 
laser  bias  current  or  by  using  an  external  electro-optic  modulator.  Direct 
modulation  and  fiber-optic  coupling  have  been  done  by  a  number  of  people  in¬ 
cluding  Bechtle  and  Siegel  [3].  a  fiber-optic  link  to  a  1.1 -km  fiber  has  been 
described  by  Pan  [4],  a  10.3-GHz  bandwidth  link  was  demonstrated  by  Lau  et  al 
[5],  and  a  12.5-GHz  bandwidth  link  was  3hown  by  Su  et  al  [6].  Recently 
Olshansky  [7]  achieved  a  bandwidth  of  22  GHz  after  directly  modulating  an 
InGaAsP  laser.  Work  also  has  been  done  by  Herczfeld  et  al ,  Daryoush  et  al , 
and  Goldberg  et  al  [8-10].  Most  of  these  studies  include  optical  injection 
locking  or  harmonic  injection  locking. 

External  modulation  has  also  been  demonstrated  with  a  variety  of  electro¬ 
optic  devices  at  frequencies  up  to  17  GHz  [11,12].  The  external  modulation  is 
performed  by  an  rf  signal  imposed  on  the  optical  wave,  which  is  input  from  the 
laser  diode  through  a  fiber  pigtail.  These  electro-optic  devices  are  fabri¬ 
cated  U3ing  LiNbO^,  and  in  the  simplest  analysis  an  optical  waveguide  in 
LiNbdj  follows  the  same  principle  as  waveguides  in  silica  (that  is,  optical 
fibers).  Light  will  propagate  in  the  core  region  as  long  as  the  angle  of 
incidence  is  greater  than  the  critical  angle.  For  this  the  index  of 
refraction  of  the  waveguide  region  should  be  greater  than  that  of  LiNbO^. 

In  this  work,  modulation  studies  were  performed  by  directly  modulating  the 
bias  current  to  various  laser  diodes  from  2  to  22  GHz  and  also  externally 
modulating  a  laser  beam  using  an  LiNbCU  travel 1 ing-wave  Mach-Zehnder 
modulator.  The  modulated  beams  were  coupled  into  an  optical  fiber  and 
demodulated  by  appropriate  detectors.  Demodulated  signals  were  analyzed  by 
spectrum  analyzers.  The  characteristics  of  the  various  components  of  micro- 
wave  fiber-optic  links  at  0.83  and  1.3  )m  are  discussed.  Emphasis  is  on 
problems  relating  to  the  choice  of  components  and  to  optimizing  the  link 
signal-to-noise  ra'tio.  Attempts  were  also  made  to  obtain  the  higher  order 
harmonics  after  directly  modulating  a  0.83-)m  laser  by  making  use  of  the  non¬ 
linear  behavior  of  the  laser  diode. 
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2.  EXPERIMENTAL  SETUP 

The  arrangement  for  the  direct  modulation  experiment  is  shown  in  figure  1. 
The  setup  consists  of  a  laser  diode,  bias  tees,  multimode  or  single-mode 
fiber,  fast  detectors,  an  amplifier,  objective  lenses,  and  a  spectrum 
analyzer. 

Laser  diode. — A  Mitsubishi  ML  2701  AlGaAs  window  structure  laser  emitting 
light  around  0.83  pm  was  used  for  low-frequency  modulation,  and  a  GTE  vapor- 
phase-regrown  buried  heterostructure  (VPR-BH)  InGaAsP  1 . 3~pm  semiconductor 
laser  was  used  for  high-frequency  modulation. 

Bias  tees. — The  bias  tees  used  were  either  an  HP  33150  type  for  low- 
frequency  modulation  or  an  HP  11612A  type  for  high-frequency  modulation. 
These  bias  tees  have  extremely  broad  bandwidth  with  good  port  match  and  low 
insertion  loss.  The  bias  networks  provide  dc  bias  to  the  center  conductor  of 
a  coaxial  line  which  can  be  connected  to  the  devices  under  test  while  blocking 
dc  bias  from  the  rf  circuit. 

Multimode  fiber. — Multimode  fibers  made  by  Corning  were  used  for  the 
coupling.  The  fibers  were  50/125  pm  size  (that  is,  50-um  core,  125  um  with 
cladding),  about  2  km  long,  and  rated  for  2  dB/km  loss. 

Fast  detectors. — For  low-frequency  detection  at  0.83  pm,  Mitsubishi  PD 
1000  series  Si  avalanche  photodiodes  were  used.  These  detectors  have  high¬ 
speed  response,  low  multiplication  noise,  and  high  gain  bandwidth,  with  a 
breakdown  voltage  of  120  V.  For  high-frequency  detection  at  1.3  pm,  an  ultra- 
high-speed  InGaAs  photodiode  made  by  GTE  was  used  [13].  These  photodiodes  are 


dc  power  • 
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Figure  1.  Experimental  setup  for  microwave  fiber¬ 
optic  link--direct  modulation. 
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substrate-illuminated  InGaAs  PIN  mesa  structures  that  achieve  low  capacitance 
and  short  transit  time  without  sacrificing  responsivity.  The  photodiode 
material  consists  of  a  3-ym  InP  buffer  layer,  and  a  1.2-pm  InGaAs  absorption 
layer,  both  grown  by  liquid  phase  epitaxy  on  an  n+  InP  substrate.  A  Cd- 
diffused  p-n  junction  was  placed  at  a  depth  of  0.5  ym  below  the  InGaAs 
surface.  Mesas  having  a  40-ym  diameter  were  formed  by  wet  chemical  etching, 
and  an  aperture  was  opened  in  the  inside  metallization  for  substrate-side 
illumination.  The  detector  is  mounted  at  the  open  laboratory  package,  and 
microstrip  was  coupled  to  an  SMA-compatible  Willstron  K-connector.  For  low- 
frequency  detection  at  1.3  ym,  a  Mitsubishi  PD  7005  photodetector  was  used. 
This  InGaAs  photodiode  is  designed  to  operate  in  the  1.0  to  1.6  pm  range  with 
performance  superior  to  a  germanium  photodiode  in  quantum  efficiency  and  dark 
current . 

Amplifier. — For  signal  amplification  after  detection,  an  Avantek  AMT  8035 
with  gain  of  about  50  dB,  a  noise  figure  of  3.5  dB,  and  power  output  of  +15 
dBm  was  used  for  0.83  ym.  At  1.3  ym  the  amplification  was  carried  out  using 
an  Avantek  AMT  2035  amplifier  with  a  gain  of  26  dB,  noise  figure  of  7  dB,  and 
power  output  of  +17  dBm.  Power  measurements  were  done  before  and  after  using 
amplifiers. 

The  experimental  setup  for  the  external  modulation  based  fiber-optic  link 
is  shown  in  figure  2.  A  General  Optics  1.3-ym  laser  diode  was  used  as  the 
optical  source.  A  Crystal  Technology  model  MZ  313  optical  guided-wave  Mach- 
Zehnder  (OGW-MZ)  high-speed  intensity  modulator  was  used  for  the  external 
modulation.  This  LiNbO^-based  electro-optic  modulator  ha3  a  bandwidth  of  3 
GHz  for  a  drive  voltage  of  8  V  with  an  extinction  ratio  of  20  dB  minimum. 
This  Mach-Zehnder  interferometer  is  a  highly  developed  waveguide  device,  as 
shown  in  figure  3-  The  intensity  ouput  depends  on  the  effective  path  length 
of  the  two  branches.  The  input  light  is  split  at  the  y-junction,  and  the  two 
portions  travel  in  the  interferometer  branches,  combining  at  the  other  end  to 
form  the  output  signal.  When  a  voltage  is  applied  in  one  branch  through  the 
mounted  electrode,  the  light  velocity  changes  in  that  branch  because  of  the 
changes  in  the  linear  electro-optic  effect.  This  will  change  the  relative 
phase  between  the  two  branches  at  the  output  y-junction  which  is  detected. 
These  interferometers  are  relatively  efficient  intensity  modulators.  The 
output  from  the  modulator  was  coupled  into  a  1 .3-ym-wavelength  fiber  and  de¬ 
tected,  amplified,  and  analyzed  using  the  spectrum  analyzer. 

One  of  the  advantages  of  a  laser  diode  is  that  it  can  not  only  be  coupled 
to  an  optical  fiber  but  also  directly  modulated.  Generally,  above  lasing 
threshold,  the  output  from  a  laser  is  linear  as  a  function  of  injection 
current.  The  analysis  shows  that  the  modulation  response  has  the  transfer 
characteristics  of  a  second-order  low-pass  network  [14].  A  relaxation  oscil¬ 
lation  in  the  laser  occurs,  which  is  at  the  resonance  modulation  response. 
Thi3  resonance  is  the  result  of  the  interplay  between  the  optical  field  and 
population  inversion,  and  its  strength  depends  on  the  spontaneous  emission 
factor,  lateral  carrier  diffusion,  and  presence  of  saturable  absorbing 
defects.  From  small-signal  analysis  we  get 
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Figure  2.  Experimental  setup  for  external  modulation. 


Figure  3.  Guided-wave  Mach-Zehnder 
interferometric  modulator. 


where  tp  is  the  photon  lifetime  (given  by  t  -  (1/Y)[o  +  0  /Y)ln(1  /R)  ],  where 
y  is  the  group  velocity  of  light,  a  is  the  distributed  loss,  L  is  the  length 
of  the  cavity,  and  R  is  the  mirror  reflectivity),  PQ  is  the  steady-state 
photon  density,  and  A  is  the  differential  gain  constant.  The  modulation 
bandwidth  of  the  laser  is  equal  to  fT. 

The  waveform  is  slightly  distorted  from  the  normal  for  high-frequency 
modulation.  In  the  above  equation  ip  can  be  reduced  by  shortening  the  laser 
cavity,  and  P-,  the  photon  density,  can  be  increased  by  increasing  bias 
current.  Low-frequency  modulation  is  equivalent  to  ramping  the  laser  up  and 
down  along  the  current/light  curve  adiabatically,  as  shown  in  figure  4.  A 
limiting  factor  is  the  higher  junction  temperature  generated  by  the  increased 
current  density  resulting  from  a  shorter  cavity.  The  differential  gain  can  be 
increased  by  the  operating  laser  at  low  temperature,  but  for  practical 
reasons,  the  lasers  were  operated  near  room  temperature  using  an  automatic 
temperature  controller. 
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Figure  4.  Analog  modulation  of  opti¬ 
cal  output  by  modulation  of  bias 
current . 


The  nonlinear  modulation  of  the  semiconductor  laser  can  also  be  performed 
to  achieve  high  frequencies  for  phased  arrays.  In  this  technique,  the  non¬ 
linearity  of  the  laser  is  taken  advantage  of,  and  large-signal  modulation  is 
performed  to  produce  distortions,  thus  enhancing  the  harmonic  content  [15,16]. 
The  substantial  increase  in  harmonic  levels  occurs  at  frequencies  correspond¬ 
ing  to  the  large-signal  relaxation  oscillation  frequency,  given  by  [17] 


2I1  (a) 

"  =  UT  I^TaT  "  V(a) 


(2) 


where  u>T  »  2irfT  is  the  small-signal  relaxation  oscillation  frequency,  Ik(x)  is 
the  modified  Bessel  function  of  the  first  kind  and  order  k,  and  a  is  the  am¬ 
plitude  of  photon  density.  This  amplitude  is  related  to  the  optical  modu¬ 
lation  depth,  m,  by  [18] 
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where  t  is  the  electron  lifetime.  Even  though  the  second  harmonic  could  be 
obtained  for  the  low-frequency  (4-GHz)  modulation,  for  high  frequency  (21  GHz) 
the  harmonics  could  not  be  obtained  because  of  a  lack  of  the  proper 
components . 


Direct  modulation  has  advantages  in  its  simplicity  and  lower  power 
requirements.  But  for  external  modulation  the  requirements  for  both  high- 
frequency  response  and  low  noise  can  be  satisfied  by  the  same  laser.  Since  in 
this  ease  the  laser  current  is  not  modulated,  the  external  modulation  is  free 
from  direct  interaction  of  the  rf  modulation  signal  with  the  low-frequency 
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laser  noise  components  and  relaxation  resonance.  For  the  external  modulator 
with  a  3-dB  bandwidth  of  3  GHz,  the  modulation  transfer  function  is  given  by 


where  Vn  is  the  half-wave  voltage,  which  depends  on  the  dimensions  and 
material  of  the  modulator.  The  modulator  is  typically  biased  to  <f>  =  ±*/4  for 
linear  modulation. 

3.  RESULTS  AND  DISCUSSION 

Direct  modulation  of  the  laser  current  was  accomplished  up  to  22  GHz  for 
the  laser  diode ,  and  the  laser  current  was  successfully  coupled  to  an  optical 
fiber  and  detected.  Indications  are  that  noise  will  increase  for  higher  fre¬ 
quencies  of  modulation. 

In  the  direct  modulation  link,  the  rf  power  was  coupled  into  the  laser 
using  a  bias  tee  as  indicated  earlier.  The  bias  to  the  laser  (at  about  36  mA) 
was  supplied  through  a  steady  current  power  supply.  The  laser  wa3  modulated 
around  4  GHz  with  8  dBm  rf  incident  power,  and  both  signal  and  noise  level 
changes  were  measured  by  changing  the  bias  current.  A  digital  meter  was  used 
to  monitor  the  photodetector  for  the  detection  current  level.  The  demodulated 
optical  power  at  the  output  of  the  fiber  line  was  0.5  to  2.5  mW  for  the  bias 
currents  of  20  to  45  mA  used.  The  threshold  current  typically  was  found  to  be 
about  18  mA.  Figure  5  gives  the  noise  level  and  detector  current  for  various 
bias  currents. 

As  indicated  in  the  figure,  the  noise  level  is  increasing,  and  the  loss  in 
the  power  is  due  to  the  conversions  to  and  from  the  optical  signal  added  to 
the  optical  propagation  loss.  Most  of  the  power  loss  as  seen  by  the  output 
measurement  is  due  to  matching  circuit  loss,  efficiency  at  one  face,  laser 
fiber  coupling  loss,  fiber  loss,  and  fiber  detector  coupling  loss.  Also  the 
load  and  source  impedance  should  be  taken  into  consideration  along  with  ampli¬ 
fier  gain.  The  detector  is  a  square-law  device  which  converts  the  incident 
optical  signal  into  a  current.  The  optical  losses  have  a  greater  impact  on 
the  link  loss  than  any  other  type  of  loss.  Generally  the  insertion  loss  is 
dominated  by  the  laser  external  differential  efficiency  for  one  facet  and 
laser  fiber  coupling.  However,  this  can  be  greatly  offset  by  using  the 
amplifier  with  appropriate  gain. 

For  the  ultra-high- frequency  modulation,  the  GTE  InGaAsP  laser  diode  was 
set  up  as  shown  in  figure  1.  This  laser  has  a  cavity  length  of  100  pm.  For 
heat  dissipation,  the  microstrip  line  was  fabricated  on  a  BeO  substrate.  A 
microwave  fiber-optic  link  study  was  carried  out  by  direct  modulation  of  this 
laser,  coupling  to  an  optical  fiber,  and  demodulation  with  an  ultra-fast 
detector,  as  explained  earlier.  The  direct  modulation  of  the  laser  current 
was  accomplished  by  15-  to  21 -GHz  signals  with  leveled  power  of  10  dBm  on  the 
80-mA  laser  current  [19].  There  was  a  loss  of  5  dBm  in  the  coaxial  cables. 
The  spectrum  analysis  was  done  with  a  resolution  bandwidth  of  1  MHz,  video 
bandwidth  of  100  kHz,  sweep  time  of  300  ms,  and  attenuation  of  10  dB.  Various 
modulated  results  are  given  in  figure  6. 
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Figure  5.  (a)  Noise  level 

versus  bias  current  for 
4 -GHz  modulation  and 
(b)  photodetector  current 
versus  bias  current. 


The  demodulated  signals  were  measured,  detected,  and  analyzed  after 
amplification  by  two  low-noise  amplifiers.  There  is  a  gradual  power  level 
change  which  can  be  attributed  to  the  limitation  of  the  laser  diode,  amplifi¬ 
ers,  and  coaxial  cables.  Even  though  much  higher  frequency  modulation  would 
have  been  possible,  this  was  not  done  because  of  a  lack  of  microwave  genera¬ 
tors  and  other  required  components. 
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(a) 


(b) 


(c) 


Figure  6.  Detected  signal  after  demodulation  for  various  frequencies: 

(a)  16-GHz  modulation;  (b)  17-GHz  modulation;  (c)  18-GHz  modulation; 

(d)  19-GHz  modulation;  (e)  20-GHz  modulation;  and  (f)  21-GHz  modulation. 

The  room-temperature  modulation  of  laser  diodes  beyond  22  GHz  was  not 
attempted  at  the  present  time.  But  there  is  reasonable  interest  in  designing 
phased  arrays  and  other  fiber-optic  systems  in  the  millimeter-wave  region. 
For  this  purpose,  the  nonlinearities  of  the  laser  can  be  taken  advantage  of  to 
extend  modulation  frequencies  to  the  millimeter-wave  region.  Large-signal 
modulation  of  lasers  causes  distortion  and  increases  the  harmonic  content 
[20].  A  well-behaved  laser  shows  very  little  nonlinear  distortion  at  low 
frequencies  of  modulation.  This  is  because  the  laser  is  virtually  in  a  quasi¬ 
steady  state  as  it  is  ramping  up  and  down  along  the  light/current  curve,  and 
the  linearity  is  basically  that  of  the  cw  light/current  characteristics. 
However,  the  harmonic  distortions  increase  rapidly  at  modulation  frequencies 
greater  than  1  GHz,  and  the  second  and  higher  harmonics  show  up  as  indicated 
in  figure  7. 

These  results  can  be  explained  by  a  perturbative  analysis  of  the  laser 
rate  equations  which  indicates  that  the  fluctuations  of  electrons  and  photons 
cause  the  large  harmonic  distortions  observed  at  high  frequencies.  Even 
though  we  see  an  increase  in  the  power  level  for  the  second  harmonic,  for  the 
higher  orders  the  power  levels  seem  to  decrease. 

The  optical  spectrum  obtained  by  external  modulation  is  given  in  figure 
8.  This  spectrum  was  obtained  with  center  frequencies  of  300  and  500  MHz  with 
a  resolution  bandwidth  of  10  kHz.  The  3-dB  link  frequency  could  be  increased 
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Figure  8.  Power  level  obtained  by  external  modulation:  (a)  300  MHz  and 
(b)  500  MHz. 
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to  3  GHz  because  the  power  of  the  rf  generator  was  low.  The  laser  power  was 
about  2  mW  and  the  rf  drive  power  was  close  to  300  mW.  The  insertion  loss  of 
the  link  can  be  calculated  knowing  the  input/output  rf  power  levels,  the  gain 
of  the  amplifier,  and  the  source  and  load  impedance.  Calculations  indicate 
substantially  greater  loss  in  the  external  modulation  link;  however,  this  loss 
can  be  overcome  by  increasing  optical  power.  The  nonlinearity  factor  in  the 
external  modulation  studies  was  not  considered.  The  nonlinear  source  will  be 
the  external  modulator  and  any  preamplifier  used  in  the  link  system.  For  a 
high  modulation  index,  the  power  preamplifier  has  to  be  driven  near  the  1-dB 
compression  point.  In  the  Mach-Zehnder  modulator  the  nonlinearities  are 
caused  by  the  large-signal  optic-intensity/voltage-response  relationship. 

4.  CONCLUSIONS 

We  have  demonstrated  the  operation  of  a  microwave  fiber-optic  link  in  the 
Ku  band  and  beyond  by  direct  modulation.  We  also  attempted  to  understand  and 
analyze  the  nonlinearities  of  the  laser  diodes  which  generate  harmonics.  In 
particular,  a  laser  diode  was  directly  modulated  and  fiber  optically  linked, 
and  the  harmonics  were  analyzed  up  to  22  GHz.  Because  high-bandwidth  laser 
diodes  are  unavailable,  this  perhaps  is  a  better  way  to  obtain  very  high  fre¬ 
quencies.  No  attempts  were  made  to  study  the  harmonics  of  the  1.3-ym  InGaAsP 
laser  with  the  base  band  at  21  GHz.  Theoretically  it  is  possible  to  obtain 
frequencies  at  42,  63,  84,  and  105  GHz  with  proper  cables  (waveguides),  detec¬ 
tors,  amplifiers,  and  spectrum  analyzers.  However,  at  present  appropriate 
detectors  and  amplifiers  are  not  available  for  demodulation  and  amplification 
at  such  high  frequencies.  Direct  modulation  offers  simplicity,  low  drive 
power,  and  low  link  loss. 

With  the  external  modulator,  the  modulation  frequency  was  limited  to  500 
MHz  because  of  a  lack  of  sufficient  rf  power.  External  modulation  relaxes  the 
demand  for  high-frequency  lasers  and  gives  some  flexibility  in  choosing  low- 
noise  lasers.  The  above  two  modulation/demodulation  studies  show  the  cap¬ 
ability  and  feasibility  of  a  microwave  fiber-optic  link  system  at  high 
frequencies. 
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